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FIELD MONITORING OF A VARIABLE-
SPEED INTEGRATED HEAT PUMP/
WATER-HEATING APPLIANCE
A. Hunter Fanney, Ph.D.
Member ASHRAE

ABSTRACT

A variable-speed integrated heat pumpAvater-heating
appliance was monitored for two years while meeting the
space-conditioning and water-heating needs of an occupied
residence. Experimental results are presented that show the
total energy consumed by the resiaknce was sigruficantly
reduced compared to preview years in which electric base-
board heat, a wood stove, and window air conditioners were
used. During the two space-heating seasons, the variable-
speed integrated heat pumphvater-heating appliance used
60% less energy than would have been consumed by an elec-
tricfimace with the same air distribution system and a stor-
age-~pe electric water heatez

The monthly space-cooling-only coeflcients of pe#or-
mance (COP) rangedfiom 2.50 to 4.03, whereas the monthly
space-heating-only coeflciertts of performance rangedfiom
a low of 0.91 to a high of 3.33. A proposed index to quantijjr
the overall system peflorntance of integrated water-heatingl

space-conditioning appliances, referred to as the combined
performance factoc rangedfiom 1.55 to 3.50. The mojori~
of larger values occurred during months in which space
cooling dominated. The combined pefforrnance furor for
the entire two-year study was 2.45.

A conventional watt-hour meter supplied by the local
electn’cal utility and an electronic digital power arudyzer
were used to measure the energy consumption of the vari-
able-speed heat pump to discern ifvariable-speed equipment
introduces errors in conventional utility metering equipment.
Measurements made using the two instruments were in
excellent agreement.

The monthly energy consumption and peak electrical
demands of the residence, integrated heat pump/water-heat-
ing appliance, supplemental space heate~ and water heater
are discussed. The in$luence of outdoor temperature on elec-
trical power demand is presented

INTRODUCTION

Nearly one out of three new single-family houses built
in the United States uses an electric heat pomp for space con-
ditioning. Since the early 1950s, when heat pumps were
introduced into the residential marke~ manufacturers have
continuously strived to improve reliability, increase

efficiency, improve thermal comfo% and meet increasingly
stringent environmental concerns while remaining competi-
tive with oil- and gas-fired residential space-conditioning
equipment.

During the past decade, heat pumps have evolved from
units utilizing a single-speed reciprocating compressor to
units that incorporate variable-speed components, rotary and
scroll compressors, microprocessor controls, demand-lisnit-
ing features, and integrated water heating. These technologi-
cal advances have resulted in heat pumps that are
significantly more efficient than traditionally designed units,
although they have yet to gain a signiilcsnt share of the heat
pump market. Additionrd technological advances, including
thermal storage, multiple condensers, and adaptive controls,
are currently being introduced into the market.

This paper summarizes a research project (l%mney
1993) in which a commercially available, technologically
advanced integrated heat pump/water-heating appliance
(hereafter referred to as the heat pump) was extensively
instrumented and monitored under field conditions. The heat
pump selected for this study incorporates a variable-speed
compressor and indoor fan, microprocessor controls, and a
refrigerant-to-water heat exchanger. The unit attempts to
improve thermal comfort by controlling the ratio of indoor
fan speed to compressor speed in a manner that improves
humidity control during the cooling season and avoids the
occasional blowing of cool air dining the heating season.
Rather than extracting heat from the conditioned space to
defrost the outdoor coil, the heat pump uses energy stored
within the water heater.

The research was undertaken to determine the thermal
performance of an integrated heat pump system and the elec-
trical load characteristics of an occupied residence equipped
with such a unit. Secondasy objectives were to investigate
whether the variable-speed components within the heat
pump system introduce errors in conventional residential
watt-hour meters and to provide data for future computer
simulation valklation studies.

‘IMs paper describes the residence, heat pump system,
and monitoring equipment. Results are presented that
include a comparison of the total electrical energy consump-
tion of the residence prior to and after installation of the heat
pump system, the portion of energy used by each end use

A. Hunter Fanney is leader of the Heat Transfer Group at the Building and Fire Research Laboratory,National Institute of Standards end
Technology,Gaithersburg, MD.

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN ASHRAE TRANSACTIONS 1995, V. 101, Pt. 2. Not to be reprinted inwhole or in
perl W“tioutWritten permission of the AmeIiOSnSWiety of l-leafing, Refrigeratingand Air-Condfiing Engineers, Inc., 1791 Tullie CSrele, N= Atlanta, GA 30329.

Opinions, findings,mnclusbns, or recommendationsexpressed in thk paper are those of tie author(s) and do not necessarily relmf the tiews of ASHRAE. Written
queetbns and consnents regardingths paper shouldbe reoeived at ASHRAE no laterthanJuly5,1995.



within the residence, a comparison of the heat pump’s energy
consumption using a conventiomd watt-hour meter and an
electronic digital power analyzer, and the hourly electrical
demands imposed on the utility. The thermal performance of
the heat pump system is reported on monthly, seasonal, and
annual bases using conventional performance indicators in
addition to using an index that quanttles the overall system
performance of integrated appliances.

EXPERIMENTAL APPARATUS

Residence

The residence in which the integrated heat pump was
tested is located approximately 19 km (12 mi) south of Hag-
erstown, Maryland. Space heating and cooling is provided to
153.6 m2 (1,653 ft2) of living area within the residence. The
integrated heat pump system and accompanying water heater
are located in tie 53.5-m2 (576-ft2j unconditioned below-
grade basement The first level of the conditioned space
includes a family room, bathroom, and laum%y room. A liv-
ing room, dining ream, and kitchen are located on the second
level. Three bedrooms and two full baths are contained on
the third level. During this study the residence was occupied
by a working adult, a homemaker, and two preschool chil-
dren.

The first level’s exterior walls consisl of nominal 50.8-
mrn by 101.6-mm (2-in. by 4-in.) studs on 0.406-m (16-in.)
centers, with R-1 1 fiberglass batta behveen the studs, posi-
tioned against a 0.203-m (8-in.) concrete block wall. The
exterior walls of the second and third levels consist of nomi-
nal 50.8-MM by 101.6-mm (2-in. by 4-in.) studs spaced
0.406 m (16 in.) apart. The walls are insulated with nominal
R-1 1 fiberglass batts between the studs and 25,4 mm (1 in.)
of extruded polystyrene sheathing fastened to the exterior
beneath vinyl siding. The uninsulated exterior walls of the
basement are constructed of O.305-rn (12-in.) concrete

. . blocks.

The windows throughout the residence are vinyl-clad,
double-glazed, double-hung wood units. Exterior insulated
steel doors are located in the kitchen and living room. The
remaining exterior doors-one in the walkout family room
and one leading onto the deck from the dining room—are
double-glazed sliding units. Attic insulation consists of R-30
fiberglass batts placed beR.veen the 0.610-m (24-in.) on-cen-
ter roof trusses.

Prior to the installation of the variable-speed integrated
heat pump, the residence was heated by electric baseboard
heatem in each room and a wood stove in the family room.
Approximately five cords of wood were btuned each heating
season prior to the installation of tie heat pump. Space cool-
ing was provided to approximately one-third of the residence
through the use of two 1.46-kW (5,000 -Btu/h) window air
conditioners, one located in the living room and the second
one in the master bedroom. The domestic water-heating

needs of the residence were met through the use of a nominal
O.197-m3 (52-gallon) electric storage-type water heater

Heat Pump Description

The variable-speed integrated heat pump system was
installed in the residence in September 1989 and was fully
operational prior to October 1, 1989. Detailed monitoring of
the heat pump system began in June 1990. The system con-
sists of three distinct oornponents: (1) an indoor fan coil, (2)
an outdoor fan coil, and (3) a compressor section that amom-
modates the compressor, a refrigerant-to-water heat
exchanger, a water pump, a bidirectional electronic expan-
sion device, and the majority of the heat pump controls. The
heat pump system incorporates several unique technological
innovations. The compressor and indoor fan both have elec-
tronically commutated, permanent-magnet motor drives.
These variable-speed components are used to enhance both
comfort and ei%ciency. The control logic maximizes the effi-
ciency of the heat pump by operating tie blower and com-
pressor at the lowest possible speeds at which the
conditioned space temperature can be maintained within
0.6°C (1“F) of the thermostat’s setpoittt During defrost
cycles, energy is removed from the water heater as opposed
to extracting energy f%omthe conditioned space.

The heat pump is connected to a O.197-m3 (52-gallon),
dual 4,.500-watt element, eleetric storage-~pe water heater.
The water heater’s thermostats were maintained at 5 1.7°C
(125”F) throughout the study. Water is removed from the
water heater by a tee connection on the cold-water supply
pipe, circulated through the refrigerant-to-water heat
exchanger, and subsequently returned to the storage tank
through the port normally used to drain the water heater.

The heat pump can operate in five distinct operating
modes: space cooling only, combined space cooling and
water heating, space heating only, combined space and water
heating, and water heating only. A microprocessor controls
the operating mode of the system and the heating elements
within the storage-type water heater. A brief description of
the logic employed by the heat pump system for each mode
follows.

Space Cooling Only The heat pump system provides
space cooling in proportion to the space load by varying the
compressor and indoor fan speeds. The humidity level
within the residenee is ccmtrolled by va@ng the indoor fan
speed relative to the compressor speed. When the humidity
is above the setpoin~ the comp~asor and fan speeds are var-
ied to satis& the sensible cooling load with the lowest practi-
cal indoor coil temperature.

Space Cooling Plus Water Heating In this mode, heat
removed from the house is transferred to tie water heater
and outside air. If the outdoor fan is off, the heat pump oper-
ates in a fill condensing mode, in which the majority of the
heat is delivered to the water heater. Whenever the outdoor
fan is operational, the heat pump operates in a desuperheater
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mode, in which the majority of the heat is dissipated by the
outdoor coil and a smaller portion to the water heater. Out-
door fan operation is based on the cooling and water-heating
loads. If a substantial cooling load exists, the unit will oper-
ate in the desuperheater mode since the space-cooling capac-
ity is not diminished. The heat pump will operate in a fully
condensing mode if the space-cooling load is small and a
large water-heating load exists. Although the space-cooling
capacity is decreased in this mode, the maximum contribu-
tion to the water-heating load is obtained. If both the space-
cooiing and water-heating loads are small, the heat pump
will operate in the desuperheating mode.

Space ‘Heating Only The control logic varies the com-
pressor speed to meet the space-heating load while the
indoor speed is varied to maintain comfortable supply air
temperatures. The maximum compressor speed is 5,300 rpm;
however, at temperatures between -8.3°C (17°F) and
-17.8°C (O”F) the compressor speed is limited to 3,600 rpm.
If the space-heating load exceeds the heat pump’s capacity,
supplemental resistive heat is added. At temperatures below
-17.8°C (O°F), the compressor is turned off and the total
space-heating load is met using auxiliary resistive heating.

Space Plus Water Heating The condenser heat is
shared by the space- and water-heating loads. The compres-
sor is typically ramped to and maintained at maximum speed
until operation in the space- plus water-heating mode is dis-
continued. The distribution of heat between these two loads
depends on the indoor fan speed, which is controlled to meet
the space-heating load. At a high fan speed, the majority of
heat is supplied to the conditioned space. As the fan speed is
lowered, heat delivered to the water heater increases. If the
space-heating requirement exceeds that of the compressor,
water heating by the heat pump ceases, and the electric resis-
tance heaters provide all needed water heating.

Water Heating Only The integrated heat pump used in
this study can heat water even if a space-conditioning load
does not exist. The system monitors the water temperature in
the bottom of the tank by means of a sensor located in the
water heater drain port. If the controller senses that the water
temperature is Iow, it will energize the pump, which circu-
lates water from the water heater through the refrigerant-to-
water heat exchanger for three minutes so that a representa-
tive water temperature can be obtained. At the end of this
sampling period, the compressor and outdoor fan will start if
the water temperature is low. The unit will operate in the
water-heating mode when the outdoor temperature is
between 8.3°C (17”F) and 35°C (95”F). The heating ele-
ments within the storage tank will be enabled by control
logic within the heat pump system if the water-heating
capacity of the heat pump is insufficient to meet the water-
heating load. The heat pump will heat water to 54.4°C
(130°F) under most conditions, and then the electric ele-
ments =e energized if the water heater thermostats are set
higher.

The Air-Conditioning and Refrigeration Institute (ARI),
an independent rating organization, lists the cooling capacity
of this heat pump as 10.78 kW (36,800 Btu/h) and the sea-
sonal energy efficiency ratio (SEER) as 14.05. This SEER
corresponds to a cooling season COP of 4.12. The heating
capacity and heating seasonal performance factor (HSPF)
are listed as 10.37 kW (35,400 Btu/h) and 9.05, respectively.
This HSPF corresponds to a heating season COP of 2.65.
These values are obtained from tests where the heat pump
operated in the space-heating-only and space-cooling-only
modes. Existing test methods do not capture the additional
benefit of integrated water heating. A test method is cur-
rently being developed to quantify the benefits of water heat-
ing for all integrated space-conditioninglwater-heating
appliances.

Instrumentation

The integrated variable-speed heat pump in the Hagers-
town house was extensively instrumented as shown in Figure
1. All instrumentation was calibrated prior to the beginning
of the monitoring period and upon completion of the two-
year data-collection period.

Watt/watt-hour transducers were used to measure the
energy consumption of the house, water heater, and resis-
tance strip heaters. Each watiwatt-hour transducer was indi-
vidually calibrated using a watt-hour standard. An electronic
digital power analyzer was used to measure the elecrncal
power consumed by the heat pump. The electronic digital
power analyzer was used in lieu of a watt/watt-hour trans-
ducer due to concerns regarding the accuracy of the watti
watt-hour transducers when subjected to harmonics pro-
duced by the variable-speed components (Baldwin 1982;
Grady 1991). The electric utility to which the residence is
connected installed a watt-hour meter upstream of the elec-
tronic digital power analyzer. This permitted an assessment
of the error that would be encountered if conventional resi-
dential metering equipment was used.

The indoor temperature of the residence was monitored
in three locations-the family room, the living room, and the
master bedroom-using radiation-shielded thermocouples.
The outdoor temperature sensor consisted of a shielded ther-
mocouple located on the north side of the residence. An
eight-junction thermopile was used to determine the air tem-
perature difference across the heat pump. Sheathed thermo-
couples were used to measure the cold-water inlet
temperature, the hot-water supply temperature, and tempera-
tures withht the storage tank at the center of six equal verti-
cal volumes.

The inlet and outlet water temperatures associated with
the refrigerant-to-water heat exchanger were measured using
sheathed platinum resistance temperature detectors

immersed in the water at the entrance and exit of the heat
exchanger.
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Figure 1 Instrumentation schematic.

The thermocouples, thermopile, and platinum resistance
temperature detectors were calibrated at the field site by
immersing each sensor in a constant-temperature bath con-
taining a calibrated thermometer. The temperature sensors
were calibrated over the temperature range to which they
were subjected during the monitoring period. The indicated
temperatures were compared to the calibrated thermometers,
and correction algorithms were developed for the data reduc-
tion soffsvare.

A turbine flowmeter was used to measure the flow rate
through the water side of the refrigerant-to-water heat
exchanger. h integrating-type flowmeter measured the
quantity of water circulated through the water heater. This
flowmeter provides a pulse output with a resolution of 3.8 x

10-5 rn3 (0.01 gallons). An airflow measurement station was

used to measure the velocity of the air in the 0.457-m (18-
in.) by 0.609-m (24-in.) return duct. This device contains
parallel-cell honeycomb panels that straighten tie airflow
prior to its arrival at the averaging pitot tube station. The
averaged total and static pressures are ssupplied to an elec-
tronic differential pressure manometer that incorporates an
integral square root extractor to convert the differential pres-
sure into an analog output voltage proportional to the flow
rate. This unit was factory calibrated and checked periodi-
cally during the fsvo-year period by compairtg it to a sewnd
reference unit.

The relative humidity entering and leaving the indoor
coil of the heat pump was measured using thin-film capaci-
tive humidity sensors. The relative humidity transmitters

4

were calibrated three times during the two-year study: at the
beginning, after one year, and at the conclusion of the study,
During calibration, the sensors were placed in a small envi-
ronmental chamber witlt temperature and humidity control.
A calibrated tkt-tnocouple and dew-point hygrometer were
placed near the relative humidity transmitters within the
chamber. Using the measured dew-point and chamber tem-
peratures, the relative humidity within the chamber was
determined and compared to that indicated by the relative
humidity transducers.

The status of the indoor fan, water circulation pump,
defrost valve, and reversing valve was determined by mea-
suring their respective control signals, Logic within the data
reduction software was able to discern the operational mode
of the heat pump system based on these control signals.

All of the instrumentation used in the study was wn-
nected to a microprocessor-based data-acquisition system
controlled by a personal computer. The computer converted
the sensor signals into engineering quantities, corrected the
measured data using calibration data, integrated or averaged
the date over appropriate time intervals, displayed the cur-
rent measurements on a video monitor, and recorded the
data. All sensors were scanned every 10 seconds.

EXPERIMENTAL RESULTS

Electrical Energy Consumption

Prior to the installation of the advanced integrated heat
pump system, the residence was not monitored. Thus, a
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direct comparison between the energy required for space
conditioning, water heating, and other uses before and after
installation of the integrated heat pump system is not possi-
ble. It is possible, however, to compare the bimonthly billing
data for the entire residence. For the two-year period from
October 1986 through September 1988, the total electrical
energy consumed by the residence was 116,143 MJ (32,262
kwh). In additiow approximately 10 cords of oak wood were
burned during the two heating seasons. Assuming a fuel
value of 28,784 MJ (27.3 million Btu) per cord (Gray 1977)
and a 40% wood stove efficiency (ASHR4E 1992), an addi-
tional 115,116 MJ (31,977 kwh) of electricig would have
been consumed if electric resistance heat had been used in
lieu of the wood stove, resulting in a total estimated energy
consumption of 231,259 MJ (64,239 kwh) for the residence.
Space cooling was provided to approximately SOY. of the
home through the use of two 1.46-kW (5,000-Btu/h) window
air conditioners during the cooling seasons.

The energy consumed by the residence from October
1989 through September 1991 was 110,405 MJ (30,668
kwh), representing a 4.9% reduction in electrical energy
consumption and an estimated 52V0reduction in total energy
consumption. The total elecrncal energy consumed by the
residence was reduced by 6.1VO for the period in which space

heating was required and 1.0% for the months in which
space cooling occurred. During this two-year period, the
integrated heat pump system was operational, the wood
stove was not used, and the entire residence was space con-
ditioned during both the heating and cooling seasons. It
should be noted that diiTerences in weather conditions, tem-
peratures within the conditioned spaces, and hot water con-
sumption before and tier installation of the integrated heat
pump system are not taken into account in this comparison.

A comparison can be made between the total energy
consumption of the advanced integrated heat pump and asso-
ciated water heater during the monitoring period and the
energy that would have been consumed if an electric furnace
and an identical water heater had been used during the
months in which space heating occurred. Months during
which both space heating and cooling occumed-September
1990 and May 1991—were not included in this comparison.
The measured space-heating loa~ energy supplied to the
water heater, and energy supplied from tie heat pump to the
water heater were cambined to represent the equivalent
amount of electrical energy required to space condition the
residence with an electric resistance furnace and provide hot
water (Table 1). The use of an electric fbrnace with the same
air distribution system and an identical ekxxric water heater

TABLE 1
Space-Heating Load, Energy Transferred from Heat Pump to Water Heater,

and Enerw Consumption During Space-Heating Months

1991 ! J~uaCJ ! 12254.4 I 3404.0

1991 February 8767.8 ! 2435.5
1 I

1991 ! November ! 5958.0 ! 1655.0

1991 December 8948.2 2485.6

1991 Januaw 10747.4 2985.4

1991 February 8a52.8 [ 2459.1

1991 March 7456.3 2071.2

1991 April 2638,1 732.8

1263.6

1028.2

1289.9

1102.0

923.4

963.4

1229.0

1109.5

1099.4

1274.0

1110.6

996.5

3s1 ,0 ! 4672.1 ! 1297.8 ! 1312.2 I 364.5 112.0

267.6 I 2541.2 I 705.9 ! 74.9 I 20.8 ! 20.9

341.4 i 3740.4 ! 1039.0 I 298.8 i 83.0 ! 79.2

308.2 i 4063.7 I 1128.8 I 931.7 I 258.8 ! 146.9

305.4 3S48.5 985.7 397.8 110.5 115.2

353.9 3297.6 916.0 79.2 22.0 54.7

308.5 1553.4 431.5 3.6 1.0 9.0

276.8 n9.4 216.5 0.0 0.0 5.4

31.1

6.9

2.0

2.5

1.4

5.8

22.0

40.8

32.0

15.2

2.5

1.5

,:%$.:6;$/
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would have resulted in 112,094 MJ (31,137 kwh) of energy
being consumed to meet the space- and water-heating loads
over the two seasons, assuming that the heating elements
within the water heater have an eftlciency of 9890. This com-
pares to an actual energy consumption of 45,092 MJ (12,526
kwh) to perform these two functions, or a savings of 67,002
MJ (18,612 kwh), a 60~0 reduction.

A comparison can also be made to the total energy that
would have been consumed if an identical water heater and
eleetic baseboard heat had been used. The entire duct sys-
tem is located within intenor wall partitions and between
floor joists. Approximately 70% of the air distribution sys-
tem is located in the conditioned space, witi the remaining
portion within the unheated basement, During installation
every effort was made to minimize air leakage by sealing
each individual seam. The portion of the air distribution sys-
tem within the basement was insulated to an R-5 level. Thus,
for this particular duct system, a thermal ef.ilciency value of
85% is assumed. With this assumption, the space-heating
loads using electric baseboard heat would be 15% less than
the values given in Table 1. Thus, the use of an identical
water heater and electric baseboard heat during months in
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Figure 3 Energy contributions of heat pump and electri-
cal resistance elements to water heater June
1990-May 1992.

which space heating was required would have resulted in
97,900 MJ (27,194 kwh) of energy being consumed to meet
the space- and water-heating requirements compared to the
measured energy consumption of 45,092 MJ (12$26 kwh),
a 54% reduction.

The energy consumed by the residence, water heater,
supplemental heaters, and heat pump is given in columns D,
E, F, and G of Tables 2 and 2a on monthly, seasonal, and
annual bases. Table 2 uses the S1 system of units, whereas
Table 2A uses the conventional I-P system. The base load,
which includes all miscellaneous uses of electricity within

the residence such as lights, range, clothes washer, dryer,
refrigerator, and small appliances, may be determined by
subtracting the electrical energy consumption of the heat
pump, water heater, and supplemental heater from the total
energy consumption of the residence. Figure 2 shows the
monthly energy consumption for each end use. The heat
pump system is the primary end user for the months of
November through March. The primary end user of electric-
ity during the remaining months is the base load.

The energy supplied to the resistive heating elements
within the water heater represents a small fraction of the total
energy consumption, ranging from OMJ (Okwh) in October
1990 to 306 MJ (85 kwh) during the month of May 1991.
The value for May 1991 is unrepresentative due to a one-
week test during this month in which the heat pump was pre-
vented from heating water. During this interval, an energy
balance was performed on the water heater to ensure that the
hot water load was being accurately measured. The energy
supplied by the heat pump to the water heater and energy
consumed by resistive elements within the water heater are
shown for each month in Figure 3. During the monitoring
period, the water heater represented only 1.2% of the total
energy consumed, followed by the supplemental duct heaters
(3.6%), the heat pump (44.7%), and the base load (50.5%)
(Figure 4). - - -

An objective of this project was to compare the mea-
sured energy consumption of the heat pump system (using an
electronic digital power analyzer) to measurements made
using a conventional residential watt-hour meter. The utility
industry is concerned whether the harmonics produced by
variable-speed equipment will introduce errors in conven-

Heat Pump (44.7%)

Supplemental (3.6%)
Water Heater

Base (50.570)

Figure 4 Distribution of energy consumption.
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TABLE 2
Monthly, Seaaonal, and Annual Performance Summary (S1Units)

4

JUNE 1990

mLY 1990

AWUS7 1990

Swrmmrsl 1990

CCmlmJl 1990

NOVSNM+R 1990

D-,, 1990

IANUASY 199!

FrmRuARY 1991

MAscl{ 1991

AMIL 1991

MAY 1991

mmr 1991

JULY 1991

AWU37 1991

—m 1991

— 1991

N—R 1991

0.00 24%?.8s 2815.6 34.9 0.0

0.00 3926,88 2770.9 38.9 0.0

0.00 3s99,28 3482.3 25.2 0.0

281.36 1362.96 3215.9 20.2 0.0

2108,95 O.cc 3X71.8 0,0 10.s

5618,88 0.00 4617.U 4,7 10.1

9244,44 0.00 6489.0 56.2 492.1

12254.4 0.66 6s74.1 I 12.O 1312.2

?.767.8 0.00 S814.O 24.6 40>,9

6691.04 0.00 S141.O 7.2 65.3

2678.4 0.06 3494.2 9.0 4.0

183.76 762.84 3141.7 306.0 0.0

0.66 3831.64 4529.S 95.4 0.0

O.w 4849.S6 4616.1 54.1 0.0

0.09 4326A4 4S08.6 47.9 0.0

0.06 916.56 3312,0 39.2 0.0

314s08 0.60 3760.2 5.0 0.0

5956 0.66 48S8.9 20,9 74.9

LXXSAMm 1991 8948,16 0.06 I 7135.9 I 79,2 I 298.8

JANUARY 1992 10747.U 0.66 7542.7 146.9 93L7

rmRu#2tY 1992 8852.76 0.06 6469.4 11s.2 397.8

MAK74 1992 7+36.32 0.06 6037.9 54.7 79.2

AWNL 1992 2638.6S 0.06 3719.9 9.6 $.6

WAY 1992 515.88 0JY2 2972.5 S,4 0.0

1996CoOuao ah 1I 32’2 10897.6 119.2 0.0

wM.30N

19$0-91 }UMTNC3 47832.62 da 41936.8 $10.8 2318.4

$-

191 mXnmro da 14707.44 17875.4 246.1 0.0

3WW3N

1991-92 HI?ATMO 472s9,72 da 42517.4 436,3 1786.0

N!AroN

ANNUAL (/30 - WI 47332JX 12084.64 S3542.8 639.0 2318.4

#N741JAL4Vt - WI 472s9.n 13944,6 3%84.4 67$.6 1786,0

[1) OpsralioninHeating Mode began 9/18/90 al OtkW, Operation in Cm

1071.0 I ala I d. I d. I m!a I da

1242.0 u/a da da rd. till

122.3.3 I 247.0 da 0.0 36o.7 I s 10.8

891.0 3.53.0 I 40,7 28.1 149.4 16.3.1

1112.5 442.4 333.9 234.5 0.0 I 0.0

240S.2 362.7 ! 912.4 780.1 0.0 0.0

1590.8 145.4 0.0 0.0 633.2 720.4

1498.0 378.9 0,0 0.0 5s7.3 673.2

707.4 SSO.3 0.0 0.0 139.3 112.0

4663.7 472.3 Z147.O 1359.0 0.0 0.0

354s..5 5s0.4 1719.0 1208.2 0.0 0.0

3297.6 630,7 1552.3 1028.9 0.0 0.0

1s5$.4 616.3 460.1 386.3 0.0 0.0

779.4 525.2 65.5 93.3 0.0 0.0

4698.2 424.8 0.0 0.0 SIo.1 679.0

20244,6 4396.3 9103.7 39sss 0.0

I
0.0

1 1 1 I 1

5414.4 910.4 0.0 0.0 1881,7 2235,6

I I 1 I 1

20785.7 4356.7 9364.7 6.730,8 0.0 0.0

1 t I 1 1

2436S.6 4827,.9 9103.7 5935,5 310.1 792.7

25974.4 3267.1 9363.0 6$50.8 1794,6 2121.s

Ig Mode began 5/27r91 at 1300.

!67.7 I COCIL I 3.60 da I da 2.88

140.8 -L 3.62 nta da 3.50

150.3 COOL 4.03 nla 1.91 3.36

146. ! CCOLIHSAT 3.8s 1.81 1.84 2.42

127.2 NEAT ?a 2.7S 1.70 2.28

156.3 10?AT da 3.30 1.39 2.62

143.1 NFAT da 2.69 1.24 2.43

137.9 HE.AT da 2.19 1.11 2.13

142.0 rrm’r da 2.69— .- -..,.-. w_... ..2!! _

171.1 NEAT da 3.01 1.36 2.50
—

186.6 HUT da 3.33 1.71 2.30

162.4 -L/!’&4T 4.03 0,91 1.s5 1.63

168.8 COOL 3.s8 da 2.01 3.07

138.5 COOL 3.68 da 2.0s 3.31

!s4.4 COOL 3.61 da 2.02 3.22

13s.9 cOOL 2.s0 da ld6 1.99

138,9 NBAT ah 2.92 1.62 2.2t

119.6 fC?AT da 2.94 1.33 2.49

166.2 m34T 0/. 2.65 1.26 2.37

!52.6 HI?AT 0/8 2.3S 1.13 2.24

163.S NI?AT da 2.63 1.21 2.37

16S.4 IrrL4’r da 2.87 1.31 2.42

146.5 NIXT dm 2.88 1.35 2.16

156.3 rrcw Ill* 1.61 1.30 1.5s

147.6

I I 3“52I “’”I ‘“96I 3“06I
1s1.4

I I I 2“63I 1“40I 2“31I!%

. I I I I I

151.8 3.73 2.63 1.47 2.48

1s0,3 I 3.s0 2.63 Lso 2.45
—- 1

(2) Ceoling Grefticieni of Performance is computed for spacecooling only operation. Parasitic cnergyconsumption is included.

(3) Heating C&d_ficietttof Performance is computed for space heating only operation. Supplemental and parasiticenergy consumption is included.

(4) Water Healing C!!fficient o[Performmrce is the ratio of the energy detivered to the water heater divided by the energy consumed while operating in the water heating only mode,

(5) The Combined Performance Factor is the sum of the spaceconditioning and hot waler loads divided hy the sum of the energy consumed by the heat pump, supplemental heaters, and hot water heater.
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]UNs 1990 I 0,00 I 675.S4 I 782.1

JULY 1990 0,00 .1090 ..50 169.7

AWUST 1990 0,00 999,80 961.3

MP7S.MT&R 1990 18.16 378.60 893.3

Ocroam 1990! WS.62 I 0.04 I 939.4

NOW?AMEN 1990 1$60.80 0.00 1282.$

DSCEM @ER 1990 2S67.90 0.00 1802,s

JANUARY 1991 3404.00 O.w I 2381.7

mmrzbram 1991 0.00 I 2S4.60 920.0

Ocroml 1991 ~9s.30 0.00 ! 1044.s

NOVEMOF.R 1991 1655.00 0.00 I 1349.7

DEC196MS 1991 24 C.S.60 0.00 1982.2

APRIL 1992 132.80 Olrl 10s3.3

MAY 1991 143.20 da .32S7

Wro cumrNo da 314500 2027.1

- I I I
1%0-91 IWATINO 133.86.68 ah 11649.1

SsAsoN I I I
19,1 OYornro da 408s.40 4965.4

2PASCW I I I
1S$-92 HSATIUO 13127.70 nla 11810.4

S1!ASON I I I
ANNUAl, @l-W 13186.68 3356.90 14873

v

TABLE 2A
Monthly, Seasonal, and Annual Performance Summaty (l-P Units)

10.8 0“0 lP-4--=-

t
121.2 4961 Il=t==

da

Dla

III.

11.3

93.>

270.1

475.5

673,3

505.$

365,6

126.S

7,3

0.0

0.0

0.0

0.0

118.1

324.6

507.s

596,4

477,5

431.2

127.8

18.2

0,0

2528.8

0.0

2601,3

+H .
82,0 0.0 0,0 49.3 HSAT nla 3,33 1.71 2,50

10.7 14.2 31.7 42.9 cOOL/HEAT 4,03 0.91 1.85 1.65

0.0 129.2 171,1 44.6 -L 3.58 da 2.01 ‘s.07

0.0 17$.9 200,1 36.6 COOL 3,68 III. 2.0s 3.31

0.0 154.8 I 187.0 40.8 030L 3,61 da ! 2.02 ! 3.22

342.7 0.0 I 0.0 II 43.9 HEAT I da 2.65 ! 1.26 ! 2.37

107.3 OR I 0.0 II 38.7 HEAT I da I 2.88 ! 1.ss ! 2.16

25.7 0.0 0.0 41.3 NEAT da 1.61 1.80 1.55

0.0 t41.69 188.6 39.0 3,72 !rh L9Z 3.18

~2\ C;oling Coefficient ;f Performanw is computed for spacecoolibrgonly operation. Parasitic energy consumption is included.

(3) Heating Coefficient of Performan@ is computed for space heating only operation. Supplemental and parasitic energy consumption is included.
(4) Water Heating Coefficient of Performance is the ratio of the energy delivered to the water heater divided by the energy consumedwhile operating in the water heating only mode.

~ (5) ‘lIre Combined Performance Factor is Ihe sum of the spaoz conditioning and hot water loads divided by the sum of the energy consumed by the heat pump, supplementedheaters and water heater.
w
w

.- -



tional watt-hour meters. For the current and voltage ranges
used in this experimental investigation, the accuracy of the
electronic digital power analyzer is specifkd as 0.8% of the
actual power over a band width of 20 to 100 Hz. The electric
utility company calibrated a conventional wamhour meter in
accordance with ANSI Standard C 12-1975 and found the
meter accurate to within 0.270.

Table 3 gives the energy consumed by the integrated
variable-speed heat pump as measured by the electronic dig-
ital power analyzer, the conventional watt-hour meter, and
the percent difference. With the exception of four months,
there is less than a 0.63% difference, which is within the
error bands of the two instruments. The cause of the greater
disagreements observed for the months of June 1990, Octo-
ber 1990, May 1991, and May 1992 is not known. Over the
entire two-year monitoring period, the energy consumption
measured by both instruments was essentially identical—
50,662 MJ (14,073 kwh) VS. 50,669 (14,075 kwh). ThiS
finding is consistent with studies performed by Baldwin
(1982), who found that the average meter error due to dis-
torted current waveforms caused by a single-phase variable-
speed AC motor drive was less than 0.8%. Grady (1991),
however, has voiced concern over possible metering errors
that may result if a significant number of variable-speed
motors are connected on the same utility feeder.

Hourly Electrical Demands

llie maximum hourly electrical energy demand for the
total residence, heat pump, water heater, and supplemental
heaters is shown on a monthly basis in Figure 5. Excluding
the peak for the residence (which is the sum of the base load,
water heater, heat pump, and supplemental heaters), the
greatest peak demand was due to the supplemental space
heaters—5.30 kJ/s (5.30 kw)-which occurred during Janu-
ary 1991. The peak demand imposed by the heat pump
ranged from 1.89 kJ/s (1.89 kw), measured in August 1991,
to 3.70 kJ/s (3.70 kW), measured in February 1991. The
highest electrical demand recorded for the water heater was
2.97 kJ/s (2.97 kW) during February 1992. The peak demand
imposed by the total residence ranged from 5.80 kJ/s (5.80
kw) in June 1990 to a high of 17.00 kJ/s (17.00 kW) in
November 1990.

The average hourly energy consumed by the heat pump,
supplemental heaters, and water heater is plotted versus out-
door temperature for the 1990-1991 heating season (Figures
6 [SIl and 6a [I-P]) and the 1991 cooling season (Figures 7
[SII and 7a D-PI). The graphs were produced by averaging
the hourly energy consumption measurements within each
two-degree outdoor temperature increment. The heating sea-
son includes all hours of data between September 1, 1990,
and May 27, 1991, the period during which the homeowner
operated the heat pump in the space-heating mode. The
homeowner operated the system in the space-cooling mode
between May 28, 1991, and September 31, 1991. Each tem-

TABLE 3
Comparison of Measured Energy Consumption

Using Electronic Digital Power Analyzer
and Electric Utility Watt-Hour Meter

1990 September 891.0 247.3 894.2 248.4 -0.4

!

19SQ OaObcr 1172.5 325.7 1199.9 333.3 -2.4

1993 November 2403.2 668.1 2397.6 666.0 +0.3

i
1990 Decemb= 3573.4 992.6 3556.8 988.0 +05

1991 J81nnlY 4672.1 1297.8 4673.9 1298.3 .0.0

1991 Februuy 3454.3 94s.7 3399.1 944.2 +0.2

1991 Uucb 2923.7 812.7 2927.5 813.2 -0.1

1,1991
~

13%.1 387.8 1390.7 386.3 +0.4

1991 May 706.3 1%2 712.8 198.0 4.9

1991 June 1392.1 336.7 1394.6 387.4 4.2

1991 July 1590.8 441.9 3539.7 442.7 -0.2

~
1991 August 149.3.0 416.1 1497.2 415.9 0.0

1%5 703.1 195.3 +0.6

‘PcrceIuDiff@evx. EImonicDiehlAdwer -WatthmrMeterMeasurements
Ekmnk DgicalAnalyzerh@wrement

I 1990 II 1991 ~~

Figure 5 Monthly peak elec~.cal demands
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Figure 6 Average energy consumption of heat pump,
supplemental space heutec and water heater
vs. outdoor temperature during 1990-91 heat-
ing season (S1 um”ts).

7 ?

-i

0 Total heat pump

6 ~ Supplemental heat
. EZZ2Water heater

OUTDOOR TEMPERATURE (W)

Figure 6a Average energy consumption of heat pump,
supplemental space heatec and water heater
vs. outdoor temperature during 1990-91 heat-
ing seaon (I-P um”ts).

perature entry includes all hours during which tie tempera-
ture was greater than or equal to the value and less than the
temperature entry to its right. For example, the temperature
increment labeled O°C (32°F) in Figure 6 includes all hours
of data during which the outdoor temperature was greater
than or equal to O°C (32”F) but less than 2°C (35.6”F).

During the heating season (see Figure 6), at tempera-
tures above 4.0°C (39.2”F) supplemental energy was not
required to meet the space-heating load. As the outdoor tem-
perature decreased below 4.O”C (39.2°F), the use of supple-
mental heat increased, reaching an average hourly value of
15.94 MJ (4.43 kWh) when the outdoor temperature was
equal to or above –12.O”C (10.4°F) and less than -10.O”C
(14”F). It is interesting to note (Figure 6a) that as the outdoor
temperature decreased below -6.7°C (20°F), the average

hourly energy consumed by the heat pump decreased and
became essentially constant. This is attributed to the heat
pump’s control logic, which limits the compressor speed to
approximately two-thirds its maximum value for outdoor
temperatures below -8.3°C (17”F). The accompanying
reduction in space-heating capacity resulted in the heat pump
operating continuously during each hour in an attempt to
meet the space-heating load, with the supplemental heat pro-
viding the difference between the space-heating load and the
heating capaci~ of the heat pump.

The dfierence between the actual temperature at which
the hourly energy consumed by the heat pump decreased,
-6.7°C (20°F), and the control logic value of -8.3°C (17°F)
is attributed to a temperature difference between the outdoor
temperature sensor and the sensor utilized by the heat pump’s

10 3888
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Figure7a Average ene~conrumption ofheatpump and
water heater vs. outdoor temperature during
1991 cooling season (I-P unifi).

control logic. The outdoor sensor is located on the north side
of the residence at an elevation of eight feet. The heat pump’s
sensor is located on the exterior of the heat pump at an eleva-
tion of six inches. A short-term experiment was conducted in
which two calibrated thermocouples, one positioned at the
outdoor temperature sensor and a second one adjacent to the
heat pump’s outdoor temperature sensor, were used to mea-
sure the temperature at these two locations for 10 days. Dur-
ing the experiment the outdoor temperature ranged from
–7.8°C (18”F) to 0.6°C (330F). The average temperature
measured adjacent to the heat pump’s sensor was found to be
1.3°C (2.4°F) leas than that measured by the ambient sensor,
which explains the discrepancy in outdoor temperature at
which the mmpresaor’s apeed reduction occurred.

The energy consumed by the resistance elements within
the water heater tends to be negligible for outdoor tempera-
tures between O°C (32”F) and 18°C (64.4°F) during the heat-
ing season. A%temperatures below this range, the energy
consumed by the water heater increased with decreasing out-
door temperature. As the apace-heating load increases, the
indoor fan speed increases, supplying more heat to the
space-heating load and less to the water-heating load. Addi-
tionally, whenever supplemental heat is required, the control
logic prevents water heating by the heat pump and only the
resistance heaters within the water heater are used to meet

. the water-heating load. Finally, when the outdoor tempera-
ture is less than -8.3°C (17”F), the control logic does not
permit water heating by the heat pump.

As expect@ the average hourly energy consumption of
the heat pump increased with outdoor temperature during the
cooling season (Figures 7 and 7a). The average energy con-
aunm-by the wate;heater is leas &an 0.36 M-(O. 1 kfi) for
any twodegree temperature increment and in general
deereased as the outdoor temperature increased. The greater

MONTH

= Idle n Water heating only U Space h8eting only

@ @oling & water heating ~ Cooling only ~ Space and water heating

Figure 8 Monthly energy consumption of heat pump in
van”ous operational modes,
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use of energy for heating water at the lower ambient temper-
atures during the cooling season may be attributed to the fact
that the lower outdoor temperatures tend to occur during the
early morning hours, which coincide witk the greatest
demand for hot water within this residence.

Advanced Integrated Heat
Pump System Performance

The advanced integrated heat pump system became
operational in February 1990, three months before the moni-
toring effort commenced. After three years of operation, two
problems have been associated with the heat pump system.
A noisy electrical contactor was replaced during the moni-
toring period with no loss of data. The water pump used to
circulate water from the water heater through the refrigerant-
to-water heat exchanger failed after the monitoring was com-
plete.

The performance of the heat pump is summarized in
Tables 2 and 2a on monthly, seasonal, and annual bases. The
thermal load of the residence is separated into heating and
cooling loads (cohmm C). The space-conditioning loads for
the two heating seasons were essentially equal, whereas the
1991 space-cooling load was substantially greater than the
space-cooling load measured in 1990-14,707 MJ (4085.4
kWh) vs. 11,322 MJ (3145.0 kWh). During September 1990
and May 1991 the heat pump operated in both the space-
heating and space-cooling modes. The total energy con-
sumed by the heat pump system (neglecting the supple-
mental heater) (column G) is divided into energy consumed
in the various operational modes in columns H through L.
Figure 8 shows the energy consumed by the heat pump,
ignoring the supplemental heater, in its various modes for
each month from June 1991 to May 1992. The data collec-
tion software did not initially permit the breakdown of total
heat pump energy consumption into the energy consumed
during various modes of operation, and was altered at the
end of July 1990 to obtain this additional information. Dur-
ing the 1991 cooling season (May 1 through September 3 1),
2,235.6 MJ (621.0 kWh) of energy was consumed in the
combined space-coolinglwater-heating mode compared to am
energy consumption level of 1,881.7 MJ (522.7 kWh) while
operating in the space-cooling-only mode. When a substan-
tial space-heating load exists (for example, November 1991
through March 1992), the majority of energy is consumed
during the times in which the heat pump is operated in the
space-heating-only mode (8414 MJ [2337.2 kWh]), followed
by space and water heating (5640 MJ [1566.7 kWh]), and
finally water heating only (2715.5 MJ [754.3 kWh]). The
heat pump consumes the largest amount of energy while
operating in the water-heating-only mode during temperate
months such as September, October, April, and May. Col-
umn N lists the space-conditioning mode in which the heat
pump operated during each month.

The monthly cooling COPS (column O) and monthly
heating COPS (column P) are computed using data collected

when the heat pump was operating in the space-condition-
ing-only mode. Thus, the energy consumed by the heat pump
and space-conditioning loads during time intervals in which
the heat pump was operating in the combined or water-heat-
ing-only modes is not included in these columns. The total
parasitic energy-the energy consumed when the unit is not
space conditioning andJor water heating-is included in the
calculation of the monthly cooling and heating COPS. Para-
sitic energy is computed by taking the total heat pump
energy (column G) and subtracting the energy consumed for
each of the operational modes (columns H through L). Dur-
ing months in which both space heating and cooling took
place, the parasitic energy is allocated in proportion to the
length of time the heat pump operated in each mode.

The monthly cooling COP is defined as

QL~co
MCCOP = ~

SCO+ ‘PAR
(1)

where

Quco = monthly space-cooling load when the heat pump
provides space cooling only (M.I ~Btu]),

Esco = monthly energy consumed by the heat pump
when the unit operates in the space-cooling-only
mode (IW &Wh]), and

EM = monthly energy consumed by the heat pump
when the unit is not providing any space condi-
tioning rind/or water heating (NIJ ~Wh]).

The monthly cooling COP ranged from a low value of
2.50 in September 1991 to 4.03 recorded in June 1990. The
inclusion of parasitic or “standby” energy has a significant
impact on both heating and cooling COPS. This impact is
greatest for months in which a low space-conditioning andi

MONTHLY AVERAGE OUTDOOR TEMPERATURE ~C)

Figure 9 Monthly water-heating C(2P VS. average
monthly outdoor temperature.
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Figure IO Monthly cornbinedpe~ormance factoz

or water-heating load exists. For example, in September
1991 the COP was 2.5 but would have been 4.40 if no para-
sitic energy was consumed during standby intervals.

The cooling seasonal COP is defined as

i$lQLSCO
CSCOP = - (2). .

i:lE~co+i:,EpAR

where the monthly quantities QHCO, Esco, and EPAR are
summed over the number of months, n, in which space cool-
ing only took place. The cooling seasonal COP for the 1990
season was 3.72 (corresponding to a SEER of 12.69 Btu/
Wh), whereas for the second cooling season, the heat pump
achieved a cooling seasonal COP of 3.52 (corresponding to a
SEER of 12.01 Btu/Wh). Without parasitic energy consump-
tion, the SEER values would have risen to 14.83 Btu/Wh and
14.49 BtufWh, resptdvely. The annual cooling COPs-
3.73 for the first year of the study and 3.50 for the seeond
year-are calculated using Equation 2 and summin g the
variables over each yea.

In a similar manner, the monthly heating COP is defined
as

QLSHO
MHCOP = ~

SHO + ‘SUPP + ‘PAR
(3)

where

@Ho = monthly space-heating load when the heat pump
provides space heating only (,MJ ~tu]),

EsUPP = monthly energy consumed by the supplemental
electric resistance heaters (M.J ~Wh]), and

EsHo = monthly energy consumed by the heat pump
when the unit operates in the space-heating-only
mode (MJ [kWh]).

The monthly heating COP ranged from a low of 0.91 in
May 1991 to 3.33 for April 1991. The lower values tended to

occur primarily during months in which the energy con-
sumed by the heat pump in the “standby” mode was signil%
cant in comparison to the energy consumed by the heat pump
while operating in the space-heating-only mode. The higher
heating COPS occurred for months in which a signtilcant
space-heating load existed, which was met without the assis-
tance of the supplemental resistance heaters.

The heating seasonal COP is computed in an identical
manner to that used to compute the monthly heating COP
(Equation 3), except the space-heating load, energy con-
sumed by the heat pump while operating in the space-heat-
ing-only mode, supplemental energy consumption, and
parasitic energy are the seasonal totals, rather than monthly
values. The heating seasonal COPS and annual heating COPS
were all identical, with a value of 2.63 corresponding to a
heating seasonaI performance factor of 8.97. Without para-
sitic energy consumption, the heating seasonal COP would
have risen to 2.82 for the 1990-91 heating season and 2.80
for the 1991-92 heating season.

Column Q, the water heater COP, is a performance
index based on data collected during times in which the heat
pump operates in the water-heating-only mode, i.e.,

QHPWH
COPWH= ~

Wtfo -
(4)

where

QHPWH = energy delivered by the heat pump to the water
heater when the unit operates in the water-heat-
ing-only mode (MJ Etu]) and

EWHO = energy consumed by the heat pump when the
unit operates in the water-heating-only mode (M.J
[km]).

The monthly water-heating COPS are plotted versus
average monthly outdoor temperature in Figure 9, As
expected, the higher the average outdoor temperature, the
greater the water-heating CO~ ranging from a value of 1.11
in January 1991 to an upper value of 2.05 for July 1991. The
seasonal and annual values were calculated by summing the
variables in Equation 4 over the appropriate time intervals.
The seasonal water-heating COPS for the 1991 and 1992
cooling seasons are 1.92 and 1.96, compared to 1.42 and
1.40 for the heating seasons. The annual water-heating COPS
were 1,47 for June 1990 through May 1991 and 1.50 for June
1991 through May 1992.

The combined performance factor (column R) is an
index proposed by Dougherty (n.d,; DOE n.d.) to quantify
the performance of combined appliances. This factor repre-
sents the ratio of the energy delivered by the heat pump and
water heater in the form of space-heatiog, space-cooling,

andior water-heating loads to the energy consumed by the

heat pump, supplemental heaters, and water heater, i.e.,

3S88 13



.

. .

)
~pF _ QCL+ QHL+ QHWL

- ‘HP + ‘SUPP+ ‘WH
where

(5)

QCL = total monthly space-cooling load (IW I?vfBtu]),

QHL = total monthly space-heating load (M-l IMBtu]),

QHWL = total monthly domestic water-heating load (IvlJ
IMBtu]).

EHP = total monthly energy consumed by the heat pump

excluding supplemental energy consumption (M.J

11’lBtul).
Esupp = totaJ monthly energy consumed by tie supple-

mental heaters (M-J DvfBtu]), and

EWH = total monthly energy consumed by the water

heater (MJ Wtu]).

Figure 10 shows the combined performance factor for
each month, which ranged from a low of 1.55 to a high of
3.5. The combined performance factors are substantially
greater during the cooling months as opposed to months
when space heating is required (Tables 2 and 2a). This can
be partially attributed to the fact that during the space-cool-
ing season, energy removed born the house is transferred to
the water heater, the supplemental resistive heaters are not
needed, and energy is not removed from the water heater to
defrost the outdoor coil.

The cooling season, heating season, and annual com-
bined performance factors (Tables 2 and 2a) are computed in
an identical manner to that used to compute the monthly
combined performance factors, except the values in Equa-
tion 5 are summed over appropriate time intervals. The com-
bined performance factor for the entire M-month monitoring
period is 2.47. Thus, for every unit of energy consumed by
the heat pump and water heater, 2.47 units were supplied in
the form of domestic water heating, space heating, andlor
space cooling. The effect of parasitic energy consumption
has a relatively small effect on the combined performance
factor. For example, if the heat pump had not cmsttrned any

,- parssitic energy during the second year, the combined per-
formance factor would have increased from 2.45 to 2.51, a
2.4% increase.

SUMMARY

An integrated heat purnplwater-heating appliaace was
extensivelymonitored for two years.The heat pump system

irtcorporatedvtiable-speed components, microprocessor-

based control logic, and a retkigerant-to-water heat
exchanger. The heat pump used in this study operates in five

distinct modes: space cuoling only, space cooling and water

heating, space heating only, space and water heating, and
water heating only.

The heat pump was instrumented with temperature, rela-
tive humidity, watiwatt-hour, airflow rate, and water flo~r
rate transducers. An electronic digital power analyzer was
used to monitor the energy consumption of the heat pump (in
addition to a conventional residential watt-hour meter) to

address concerns regarding the accuracy of conventional
utility metering equipment when variable-speed equipment

is present within a residence.

The total energy consumed by the residence after instal-
lation of the heat pump system was an estimated 52% less
than the amount consumed prior to the studv bv electric
baseboard heaters, a wood st&e, and window ~ &ndition-
ers. The window air wnditioner was used to cool approxi-
mately one-third of the residence. A cmrnparisonbetween the

electrical energy mnsurned by the heat pump and the water

heaterduring the monitoring period to the energy thatwould

have been consumed ifan electricfurnace with the same air

distribution systems and an identicaJ water heater had been
used during the space-heating months suggests a 60’??oreduc-
tion in total electrical energy consumption,

The electric resistance heatem within the water heater
accounted for 1.2% of the total energy consumed by the resi-
dence after the integrated heat pump~water-heating-appliance
was installe~ follow@ by the supplemental resistance heat-
ers (3.6VO),heat pump (44.T~o), &d base load (50.50A).
Agreement between the measured energy consumption of
the heat pump system using two different instnunents-a
residential watt-hour meter and an electronic digital power
analyzer-+ver the two-year monitotig period was excel-
lent. Month-to-month variations ranged from –1 .4’XO to
2.4Y0, with variations for the vast majority of months being
within the emor bands of the two instruments, 0.6°/0.

The maximum hourly demand for the residence, heat
pump, water heater, and supplemental heaters was recorded
for each month. The peak demand of the residenee ranged
from 5.80 kJ/s (5.80 kW) in June 1990 to a high of 17.00
kJ/s (17.00 kw) in November 1990. The highest peak
demands recorded during the study were 3.70 kJ/s (3.70 kw)
for the heat pump, 5.30 kJ/s (5.30 kw) for the supplemental
resistance heaters, and 2.97 kJ/s (2.97 kw) for the water
heater.

The average energy consumed by the heat pump, sup-
plemental heaters, and water heater was computed for 2°C
and 2°F increments over the range of outdoor temperatures
encountered during the study. D&ing the heating seasons,
the use of supplemental heaters was not required to meet the
space-heating load when outdoor temperatures exceeded
4.4°C (40”F). As expected, the average hourly energy con-
sumption of the supplemental heaters increased with

decreasing outdoor temperature, reaching a value of 15.94
MJ (4.43 kwh) as the outdoor temperature approached
-11.1 ‘C (12”F). As the outdoor temperature fell below
-6.7°C (20”F), the hourly energy consumed by the heat
pump became constant due to control logic, which limits the
compressor speed to two-thirds of its maximum value for
outdoor temperatures below –$.3 “C (17°F), while supple-
mental energy consumption increased to meet the space-
heating load. During the cooling season, the average hourly
energy consumption of the heat pump increased, with
increasing outdoor temperature reaching a value of 6.59 MJ
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(1.83 kwh) for ambient temperatures exceeding 36.7°C
(98”F). The average hourly energy consumption &lues for
the water heater during the cooling season were always less
than 0.05 MJ (0.05 kwh), independent of the outdoor tem-
perature.

The majority of energy used by the heat pump during
the heating season is consumed while providing space heat-
ing only, closely folIowed by energy consumed when operat-
ing in the combined space- and water-heating mode. During
the cooling seasons, the energy consumed by the heat pump
while operating in the space-cooling mode is roughly equiv-
alent to that consumed by the heat pump while operating in
the combined space-cooling and water-heating mode. The
quantity of energy consumed while operating in the water-
heating-only mode tends to be substantially less than that
used during operation in the space-conditioning-ordy or
combined modes. The exception is for temperate months
such as September, October, April, and May. The monthly
parasitic energy was relatively constant, having an average
value of l(K).8 MJ (28 kw’h).

The monthly cooling COP ranged from a low value of
2.50 to 4.03. The incIusion of parasitic or “standby” energy
had a significant impact on the monthly cooling ei%ciency
ratio for months in which the space-cooling load and/or
water-heating load is small. For example, the lowest value of
the monthly cooling COP was 2.5, but it would have been
4.40 if parasitic energy was not consumed during standby
intervals. The seasonal cooling COPS were 3.72 (SEER of
12.69 Mu/W) and 3.52 (SEER of 12.01 Btu/W) for the 1990
and 1991 cooling seasons, respectively.

The monthly heating COPS ranged from 0.91 to 3.33.
The higher values were recorded during months in which a
significant’ space-heating load existed, which was met with-
out the assistance of supplemental resistance heaters. The
lower monthly values occurred during periods in which para-
sitic energy was a significant portion of the total energy con-
sumed by the heat pump. The heating seasonal COPS were
identical for the two heating seasons-2.63, equivalent to an
HSPF of 8.97 Btu/Wh.

The monthly water-heating COPS ranged from 1.11 to a
high value of 2.05. The values for the cooling seasons were
1.92 for 1990 and 1.96 for 1991, as compared to the values
of 1.42 and 1.40 recorded during the 1990-91 and 1991-92
heating seasons. The water-heating COP was found to be
proportional to the outdoor temperature.

A performance indicator proposed by Dougherty (n.d.;
DOE n.d.) to quantify the overall performance of combined
appliances was utilized in this study. This indicator, calIed a
combined performance factor, is the ratio of the space-condi-
tioning and water-heating loads divided by the energy con-
sumed by the heat pump for space heating and cooling,
supplemental heaters, and the water heater. A combined per-
formance factor of 2.0 would indicate that for every unit of
energy consumed by the heat pump, supplemental heaters,
and water heater, two units of energy were delivered by the

heat pump and water heater to meet the space-cooling,
space-heating, and/or water-heating loads. The monthly
combined performance factor ranged from a low of 1.5 to a
high of 3.5. The seasonal combined performance factors for
the cooling seasons were substantially higher than those
obtained during the heating seasons. For example, the 1990
cooling season’s combined performance factor was 3.18
compared to a value of 2.34 for the 1990-91 heating season.
The combined performance factor for the entire 24-month
monitoring period was 2.45. Thus, 2.45 units of energy were
delivered for space conditioning (heating and cooling) and
water heating for every unit of electricity purchased.

ASHRAE. 1992.1992 ASHRAE handbook-HVAC systems
and equipment, p. 30.5. Atlanta American Society of
Heating, Refrigerating and Air-Conditioning Engineers,
Inc.

Baldwin, A.J. 1982. Evaluation of electrical interference to
the induction watthour meter. Report No. EL-2315. Palo
Alto, CA Electric Power Research Institute.

DOE. n.d. Department of Energy proposed rule on a uniform
method for measuring the energy consumption of com-
bined heat pump-water heating appliances. To be pub-
lished in the Federal Register.

Dougherty, B.I? n.d. Laboratory perfommnce of a combined
heat pump-water heating appliance. Report in prepara-
tion. Palo Alto, CA: Electric Power Research Institute.

Fanney, A.H. 1993. Field monitoring of a variable-speed
integrated heat pumphvater heating appliance. National
Institute of Standards and Technology Building Science
Series 171. Gaithersburg, MD: National Institute of
Standards and Technology.

Grady, W.M. 1991. Power system harmonics and the poten-
tial impact of residential ASD heat pumps. Presentation
to the EPRI Advanced Heat Pump Interest Group.

Gray, L. 1977. The complete book of heating with wood.
Charlotte, VT Garden Way Publishing.

3888 15


